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.H\ZRUGV'&OLQHSURWHFWLRQ96&+9'&PXOWLWHUPLQDO
+9'&di/dtSURWHFWLRQ
$EVWUDFW
3URWHFWLRQ LVVXHV DUH PDMRU FKDOOHQJHV LQ UHDOLVLQJ PXOWL
WHUPLQDO 07+9'&V\VWHPV ,Q WKLVSDSHU WKHILQGLQJVRI
DQ LQYHVWLJDWLRQ FDUULHG RXW RQ D di/dt EDVHG SURWHFWLRQ
WHFKQLTXHZLWK WKHYLHZ WRDVFHUWDLQLQJ LWVVXLWDELOLW\ IRU WKH
SURWHFWLRQRI'& OLQHVDUHSUHVHQWHG)LUVWO\ WKHPDLQ LVVXHV
UHJDUGLQJ WKH SURWHFWLRQ RI07+9'& V\VWHP DUH H[SORUHG
DQG WKHUHDIWHU WKH di/dt SURWHFWLRQ WHFKQLTXH LV HYDOXDWHG
6RPHRIWKHOLPLWDWLRQVRIdi/dtSURWHFWLRQWHFKQLTXHZHUHGXH
WR WKHHIIHFWRI WUDYHOOLQJZDYHVDQGRVFLOODWLRQV7KHVH OHDG
WRHUURUVLQHVWLPDWLQJWKHDFWXDOdi/dtVLQFHWKHUHVXOWLQJIDXOW
FXUUHQW SURILOH PD\ DWWDLQ LWV ORFDO PD[LPXP RU PLQLPXP
EHIRUH RU GXULQJ WKH WLPH ZLQGRZ VHW IRU WKH PHDVXUHPHQW
7KLV LV SDUWLFXODUO\ WKH FDVH GXULQJ GLUHFWLRQDO FRPSDULVRQ
6LPXODWLRQVKDYHEHHQFDUULHGRXWLQ36&$'DQGWKHUHVXOWV
SUHVHQWHGVKRZWKDWWKHdi/dt SURWHFWLRQWHFKQLTXHZLOOQRWEH
DUHOLDEOHPHWKRGIRUWKHSURWHFWLRQRI'&OLQHVLQSDUWLFXODU
IRUWKHSURWHFWLRQRI'&JULG
 ,QWURGXFWLRQ
7KH GHYHORSPHQW RI RIIVKRUH ZLQG IDUPV ZLWK +9'&
LQWHUFRQQHFWLRQV LVDWWUDFWLQJJUHDWDWWHQWLRQDFURVV WKHJOREH
VLQFHLWLVFRQVLGHUHGDVRQHRIWKHSDQDFHDVWRFXUUHQWJOREDO
HQHUJ\ FKDOOHQJH *HQHUDOO\ IRU ORQJ GLVWDQFH SRZHU
WUDQVPLVVLRQ+9'&V\VWHPLVWKHSUHIHUUHGRSWLRQGXHWRLWV
WHFKQLFDODQGHFRQRPLFDGYDQWDJHV>@>@,WLVDOVRHQYLVDJHG
WKDW LQ WKH QHDU IXWXUH D QXPEHU RI RIIVKRUH DQG RQVKRUH
FRQYHUWHU VWDWLRQV ZLOO EH LQWHUFRQQHFWHG WR IRUP D PXOWL
WHUPLQDO +9'& QHWZRUN 07+9'& ZKHUHDV SURWHFWLRQ
LVVXHV UHPDLQ D PDMRU FKDOOHQJH>@±>@ 7KLV LV EHFDXVH
SURWHFWLRQ DOJRULWKPV IRU 07+9'& V\VWHP ZLOO KDYH WR
RSHUDWH IDVWHU WKDQ WKRVH XVHG LQ FRQYHQWLRQDO +9$&
LQWHUFRQQHFWLRQVW\SLFDOO\OHVVWKDQmsIURPIDXOWLQFHSWLRQ
LQFOXGLQJ WKH WLPH GHOD\ LQ KDUGZDUH LQ WKH ORRS>@7KLV LV
GXH WR WKH UHODWLYHO\ ORZ LQGXFWDQFH LQ '& QHWZRUNV ZKLFK
XVXDOO\UHVXOWVLQDUDSLGULVHLQWKHIDXOWFXUUHQWGXULQJVKRUW
FLUFXLWV>@ >@ 7KLV FXUUHQW SURSDJDWHV H[WUHPHO\ UDSLGO\
WKXV UHDFKLQJ GDPDJLQJ OHYHOV LQ IHZ PLOOLVHFRQGV>@
7KHUHIRUHIDXOWGHWHFWLRQDQGIDXOWFOHDUDQFHPXVWEHGRQHDV
IDVWDVSRVVLEOH WRDYRLGD WRWDOV\VWHPFROODSVH+RZHYHUD
PDMRULVVXHLVVHOHFWLYLW\DVRQO\WKHIDXOW\VHFWLRQVKRXOGEH
LVRODWHG LQ WKH HYHQW RI D IDXOW 7KLV FRQVWLWXWHV D PDMRU
FKDOOHQJHFRQVLGHULQJWKHFRPSOH[QDWXUHRIWKHSURSRVHG'&
JULGDVZHOODVWKHDQWLFLSDWHGOHQJWKRIWKHWUDQVPLVVLRQOLQHV
RUFDEOHV$OVRWKHHIIHFWVRIWKHGLVWULEXWHGQDWXUHRIWKHOLQH
SDUDPHWHUV WKHLU IUHTXHQF\ GHSHQGHQF\  DQG WKH DVVRFLDWHG
WUDYHOOLQJ ZDYH SKHQRPHQRQ  SRVHV D PDMRU FKDOOHQJH WR
GHYHORSLQJVXLWDEOHDQGUHOLDEOHSURWHFWLRQDOJRULWKPVIRUWKH
SURSRVHG'&JULG

6HYHUDO '& OLQH SURWHFWLRQ WHFKQLTXHV LQFOXGLQJ D PHWKRG
EDVHGRQWKHUDWHRIULVHRIIDXOWFXUUHQWRUdi/dtKDYHEHHQ
SURSRVHG DQG DUHZHOO GRFXPHQWHG LQ OLWHUDWXUH>@ >@ >@±
>@7KHUHVWRIWKHSDSHULVVWUXFWXUHGDVIROORZV6HFWLRQ
JLYHVDEULHIRYHUYLHZRI WKHSURWHFWLRQ LVVXHV UHJDUGLQJ WKH
GHYHORSPHQWRIVXLWDEOHSURWHFWLRQDOJRULWKPVIRU07+9'&
QHWZRUN ,Q VHFWLRQ  WKH di/dt SURWHFWLRQ WHFKQLTXH LV
HYDOXDWHGDQGWKHUHDIWHUWKHSKHQRPHQRQRIIDXOWSURSDJDWLRQ
DORQJ D WUDQVPLVVLRQ OLQH LV H[SODLQHG EDVHG RQ WUDYHOOLQJ
ZDYH WKHRU\ 6HFWLRQ  SUHVHQWV WKH UHVXOWV RI D IXOO VFDOH
VLPXODWLRQ EDVHG RQModular Multi-level Converter (MMC) 
+9'&PRGHOZKLOHVHFWLRQFRQFOXGHVWKHSDSHUZLWKVRPH
UHFRPPHQGDWLRQVIRUIXWXUHVWXGLHV
 3URWHFWLRQ,VVXHV
$VLQGLFDWHGLQ>@DPDMRU LVVXHHYHQZLWK+9'&EUHDNHUV
LQSODFH LV WKHUDSLGSURSDJDWLRQRI WKH IDXOWFXUUHQW LQWR WKH
JULG,QWKHFRQYHQWLRQDO+9$&JULGDIDXOWLQRQHSDUWRIWKH
QHWZRUNKDVDUHGXFHGLPSDFWRQDQRWKHUSDUWRIWKHQHWZRUN
GXHWRWKHWUDQVIRUPHUUHDFWDQFHVDQGRWKHUUHDFWRUVSUHVHQWLQ
WKHV\VWHPKHQFHJLYHQWKHSURWHFWLRQV\VWHPKDVXSWR60ms
WRGHWHFWDQGFOHDUWKHIDXOW>@  ,QFRQWUDVW WKHLQGXFWDQFHV
LQ D +9'& RQO\ DIIHFW WKH UDWH RI ULVH RI WKH FXUUHQW DQG
WKHUHIRUHKDYHDORZHULPSDFWRQWKHSURSDJDWLRQRIWKHIDXOW
FXUUHQW >@ 7KLV LPSOLHV WKDW D IDXOW LQ D '& JULG ZLOO EH
H[SHULHQFHG DOPRVW DW WKH VDPH WLPH LQ RWKHU SDUWV RI WKH
QHWZRUN

*HQHUDOO\ 07+9'& DUH EDVHG RQ 9ROWDJH 6RXUFH
&RQYHUWHUV 96& GXH WR WKHLU DGYDQWDJHV RYHU WKH
FRQYHQWLRQDO WK\ULVWRU EDVHG /LQH &RPPXWDWHG &RQYHUWHUV
/&& VXFK DV EODFN VWDUW FDSDELOLW\ DQG WKH DELOLW\ WR
LQGHSHQGHQWO\ FRQWURO DFWLYH DQG UHDFWLYH SRZHU
)XUWKHUPRUH WKHSRZHU IORZ LQ96& +9'&V\VWHPV  FDQ
EH FRQWUROOHG  ZLWKRXW FKDQJLQJ WKH YROWDJH SRODULW\ WKXV
DOORZLQJ D FRPPRQ EXV WR EH XVHG WR LQWHUFRQQHFW VHYHUDO
96&V DV ZHOO DV HQDEOLQJ WKH XVH RI &URVV /LQNHG
3RO\HWK\OHQH ;/3( FDEOHV>@7KHVH DWWUDFWLYH IHDWXUHV
KDYH PDGH 96&V WKH PRVW VXLWDEOH RSWLRQ IRU 07+9'&
JULG +RZHYHU 96&V KDYH OLPLWHG RYHU FXUUHQW FDSDELOLWLHV
DQG DV VXFK FDQQRW EH H[SRVHG WR ODUJH IDXOW FXUUHQWV>@
'XULQJ'&VLGHVKRUWFLUFXLWVXFKDVpole to poleIDXOWVHYHQ
LI WKH ,*%7V DUH EORFNHG IRU VHOISURWHFWLRQ WKH IUHHZKHHO
GLRGHVFUHDWHDSDWKIRUWKHIDXOWFXUUHQWZKLFKFDQUHVXOWLQ
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H[WUHPHO\KLJKFXUUHQWLIWKHIDXOWLVQRWFOHDUHG$IDXOWRQ
WKH'&VLGHZLOOWKHUHIRUHUHVXOWLQDWKUHHSKDVHIDXOWRQWKH
$&VLGH>@

7UDGLWLRQDO/&&EDVHG+9'&V\VWHPVDUHILWWHGZLWKDODUJH
'&VLGHLQGXFWDQFHDQGDVVXFKDEOHWROLPLWWKHUDWHRIULVHRI
WKHIDXOWFXUUHQWGXULQJ'&VLGHVKRUWFLUFXLWV$OVRDV/&&
+9'&LVWK\ULVWRUEDVHGFRQYHUWHUFRQWUROLVDEOHWROLPLWWKH
IDXOWFXUUHQWVGXULQJVKRUWFLUFXLW>@7KLVLVQRWWKHFDVHIRU
96&+9'&   7KH XVH RI $& VLGH FLUFXLW   EUHDNHUV DV LQ
WZRWHUPLQDO96&+9'&LVQRWDSSOLFDEOHWR07+9'&DV
WKLVZLOOGHHQHUJLVHGWKHHQWLUHJULG>@>@

5HFHQW WUHQGV LQ96& WHFKQRORJ\ OHG WR WKHGHYHORSPHQW RI
WKH0RGXODU0XOWLOHYHO&RQYHUWHU 00&00&FDQ HLWKHU
EHRIKDOIEULGJHRUIXOOEULGJHW\SH>@>@7KHKDOIEULGJH
W\SH LVQRWDEOH WREORFN IDXOW FXUUHQWDQG LV UHIHUUHG WRDVD
non-blocking FRQYHUWHU ,W WKHUHIRUH UHTXLUHV'& VLGH FLUFXLW
EUHDNHUV ORFDWHG DW ERWK HQGV RI WKH OLQH RU FDEOH 7KH IXOO
EULGJHW\SHLVDEOHWREORFNIDXOWFXUUHQWE\FRQYHUWHUFRQWURO
DQGLVUHIHUUHGWRDVDblockingFRQYHUWHUDQGDVVXFKPD\QRW
UHTXLUH '& VLGH EUHDNHUV>@ 7KH FLUFXLW DUUDQJHPHQWV RI D
00&FRQYHUWHUDUHVKRZQLQ)LJXUH



)LJ00&&RQYHUWHU>@

 (a)Topology (b) Half Bridge submodule (c)Full Bridge Submodule  
 

7KHFRQYHUWHUDQGHDUWKLQJDUUDQJHPHQWRIWKHJULGDOVRKDYH
VLJQLILFDQW LPSDFW RQ WKH DFWXDO PDJQLWXGH RI WKH '& IDXOW
FXUUHQW>@>@>@*HQHUDOO\DQ00&FRQYHUWHUFDQHLWKHU
EH D V\PPHWULFDO RU DV\PPHWULFDO PRQRSROH FRQILJXUDWLRQ
)LJXUHZLWKWKHIRUPHUEHLQJWKHPRVWHFRQRPLFDODQG
PRVWZLGHVSUHDGWRSRORJ\>@

3ROHWR*URXQGDQG3ROHWR3ROHIDXOWV
$ SROH WR JURXQG IDXOW LQ D V\PPHWULFDO PRQRSROH
DUUDQJHPHQW UHVXOWV LQ D VLJQLILFDQW VKLIW LQ WKH KHDOWK\ SROH
YROWDJH >@ W\SLFDOO\ XS WR2pu; DQG WKH IDXOW\ SROH YROWDJH
FROODSVH VXGGHQO\ WR ]HUR&RQWULEXWLRQ IURP WKH$&VLGH LV
VPDOO DSDUW IURP WKH FXUUHQW IORZLQJ WKURXJK WKH HDUWKLQJ
UHVLVWRU +RZHYHU WKH FRQYHUWHU ZLOO H[SHULHQFH D VXGGHQ
KLJKWUDQVLHQWFXUUHQWRZLQJWKHGLVFKDUJHRIWKHHQHUJ\VWRUH
LQ WKH WUDQVPLVVLRQ V\VWHP>@ $ SROH WR SROH IDXOW LQ D
V\PPHWULFDO PRQRSROH FRQILJXUDWLRQ ZLOO UHVXOW LQ D KLJK
PDJQLWXGHRI IDXOWFXUUHQWVZKLFK LVGULYHQE\ WKHFRQYHUWHU
>@>@,IWKHFRQYHUWHUGRHVQRWKDYHWKHEORFNLQJFDSDELOLW\
WKH IDXOW FXUUHQW ZLOO ULVH WR D YDOXH GHWHUPLQHG E\ WKH $&
VLGH UHDFWDQFH WUDQVIRUPHU OHDNDJH UHDFWDQFH RU DQ\ RWKHU
UHDFWDQFHZLWKLQWKHFLUFXLW

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)LJ00&+9'&&RQILJXUDWLRQV>@
(a) Symmetrical monopole (b) Asymmetrical Monopole  

*HQHUDOO\ WKHUHVXOWLQJPDJQLWXGHRI IDXOWFXUUHQW LQDSROH
WR SROH IDXOW LV ODUJHU FRPSDUHG WR WKDW RI SROH WR JURXQG
ZKHUHDVWKHSROHWRJURXQGIDXOWVDUHPRUHFRPPRQ

,Q DOO WKHSURWHFWLRQ V\VWHP IRU'&JULG VKRXOG SRVVHVV WKH
IROORZLQJDWWULEXWHV>@>@

x $EOH WR GLVFULPLQDWH EHWZHHQ IDXOWV DQG QRUPDO ORDG
FRQGLWLRQ
x 0XVWEHLQVHQVLWLYHWRQRLVH
x 0XVWEHWUDQVLHQWEDVHG
x 7KHSULPDU\SURWHFWLRQVKRXOGEHDQRQXQLWSURWHFWLRQ
x 0XVWEHFDSDEOHRILVRODWLQJRQO\WKHIDXOW\VHFWLRQLQWKH
HYHQWRIDIDXOW
x +DV VXIILFLHQWO\ IDVW '& EUHDNHUV IRU QRQEORFNLQJ
FRQYHUWHUV
x 2IIHUV D EDFNXS LQ WKH HYHQW RI IDLOXUH RI WKH PDLQ
SURWHFWLRQ

7KLV SDSHU LQYHVWLJDWHV WKH di/dt  EDVHG '& OLQH SURWHFWLRQ
WHFKQLTXHV ZLWK D YLHZ WR DVFHUWDLQLQJ LWV VXLWDELOLW\ LQ '&
JULGSURWHFWLRQ

7KHdi/dtEDVHG3URWHFWLRQ6\VWHPV
7KHUDWHRIULVHRIFXUUHQWRUdi/dt EDVHG'&OLQHSURWHFWLRQ
V\VWHPVXVHWKHLQLWLDOUDWHRIULVHRIIDXOWFXUUHQWWRGHWHUPLQH
ZKHWKHURUQRWDIDXOWKDVRFFXUUHGLQDOLQH$'&OLQHIDXOW
LV GHWHFWHG E\ FRPSDULQJ WKH LQFUHPHQWDO '& FXUUHQW DW WKH
FRQYHUWHUVWDWLRQZLWKDSUHGHWHUPLQHGWKUHVKROGIRUDSUHVHW
WLPHGXUDWLRQ

$VVKRZQLQ)LJXUHSULRUWRD'&OLQHIDXOWWKHFXUUHQWi 
LV LQVWHDG\VWDWHVRWKDW WKHdi/dt LV LGHDOO\]HUR'XULQJ'&

VKRUW FLUFXLW WKH FDOFXODWHG di/dt LV JUHDWHU WKDQ WKH setting 
value ZKLFK LV XVXDOO\ GHWHUPLQHG DIWHU FRQVLGHULQJ DOO
RSHUDWLQJFRQGLWLRQVLQFOXGLQJRYHUORDGV$OVRGHSHQGLQJRQ
WKH GLUHFWLRQ RI IDXOW ZLWK UHVSHFW WR WKH ORFDO UHOD\ WKH
FDOFXODWHG di/dt FRXOG EH SRVLWLYH IRU D IRUZDUG GLUHFWLRQDO
IDXOWRUQHJDWLYHIRUDUHYHUVHGLUHFWLRQDOIDXOW

+RZHYHUDQGDVZLOOEHREVHUYHGODWHUWKLVWHFKQLTXHVXIIHUV
VRPH VHWEDFNV DQG DV VXFK H[WUHPH FDUH VKRXOG EH WDNHQ
ZKHQ GHSOR\LQJ LW DV D SULPDU\ SURWHFWLRQ IRU '& OLQHV LQ
SDUWLFXODUIRUWKHSURWHFWLRQRI07+9'&V\VWHPRWKHUZLVH
QXLVDQFHWULSVPD\UHVXOW

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
)LJdi/dt3URWHFWLRQ7HFKQLTXHE\6DPSOLQJ
(a)Pre-fault condition (b) Post-Fault Condition  

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/LPLWDWLRQVRIdi/dt3URWHFWLRQ7HFKQLTXH
)LJVKRZVD'&OLQHVXSSO\LQJDQDUELWUDU\ORDGRI
)RU FODULW\ WKH VRXUFH LV DVVXPHG WR EH LGHDO 7KH SORWV
REWDLQHG IROORZLQJ WKH DSSOLFDWLRQ RI D VKRUW FLUFXLW IDXOW DW
0.3secs IURP WKH VWDUW RI WKH VLPXODWLRQ RQ WKH '& OLQH IRU
YDU\LQJ GLVWDQFHV WR WKH IDXOW DUH VKRZQ LQ )LJXUH  7KH
SDUDPHWHUV XVHG DUH JLYHQ LQ 7DEOH  DQG WKH %HUJHURQ
PRGHOZDVXVHGWRVLPXODWHWKHWUDQVPLVVLRQOLQH

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R Load
-
Vdc
7UDQVPLVVLRQ/LQH
Fault
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
)LJ,GHDO'&1HWZRUN


$VVKRZQLQ)LJXUH WKHUHDUHQRDSSUHFLDEOHGLIIHUHQFHV
LQWKHLULQLWLDOdi/dt;ZKLFKVKRZVWKDWWKHGLVWDQFHWRWKHIDXOW
FDQQRW EH HVWDEOLVKHG E\ WKH PHDVXUHPHQW RI LQLWLDO di/dt
DORQH +RZHYHU WKH DYHUDJH di/dt RU “trend” LQ di/dt DV
VKRZQE\WKHGRWWHGOLQHRI)LJXUHZKLFKZDVREWDLQHGE\
UHJUHVVLRQ DQDO\VLV (TXDWLRQ  YDULHV ZLWK WKH IDXOW
GLVWDQFHDQGWKHUHIRUHPD\EHVXLWDEOHIRUORFDWLQJWKHIDXOWLQ
WKHOLQHXQGHUFRQVLGHUDWLRQ
Table 3.1   Parameter of Figure 3.2 >@ 
DC Voltage , Vdc 
Cable resistance, R 
Cable Inductance, L 
Cable Capacitance, C 
400kV 
10m/km 
0.16mH/km 
0.15F/km 

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:KHUHnLVWKHQXPEHURIGDWDSRLQWV

)LJ3ORWVRIFXUUHQWIRUYDU\LQJ)DXOW'LVWDQFH


7KH LQLWLDOdi/dt LV GHSHQGHQWRQ WKHPDJQLWXGH RI WKH surge 
impedanceGXH WRZKLFK WKH LQLWLDOdi/dt  LV WKH VDPHDV WKH
VFHQDULRVWKDWWKHIDXOWORFDWLRQLVGLIIHUHQW7KLVSKHQRPHQRQ
LVFDXVHGE\WUDYHOOLQJZDYHSURSDJDWLRQDQGLVH[SODLQHG LQ
WKHIROORZLQJVHFWLRQ

7KH3KHQRPHQRQRI7UDYHOOLQJ:DYH
7KH QRWLRQ RI D JUDGXDO H[SRQHQWLDO ULVH RI WKH FXUUHQW LQ
LQGXFWLYH FLUFXLWV GXULQJ DQ DEUXSW FKDQJH LQ WKH FLUFXLW
FRQGLWLRQV  VXFK DV VZLWFKLQJ RU IDXOW FRQGLWLRQV GRHV QRW
DFWXDOO\ KROG LQ true WUDQVPLVVLRQ OLQHV DV WUDYHOOLQJ ZDYH
SKHQRPHQRQPXVWEHFRQVLGHUHG>@
:KHQDVKRUWFLUFXLWVXGGHQO\RFFXUVLQDWUDQVPLVVLRQOLQHD
ZDYH RI –vdc WUDYHOV WRZDUGV WKH VRXUFH UHGXFLQJ WKH OLQH
YROWDJH WR ]HUR>@7KLVZDYH LV DFFRPSDQLHG E\ D FXUUHQW
ZDYH RI PDJQLWXGH +vdc/Z& &RQYHQWLRQDOO\ LW LV DVVXPHG
WKDW WKHSRVLWLYHGLUHFWLRQRI FXUUHQW IORZ LV IURP WKH VRXUFH
WRZDUGVWKHWUDQVPLVVLRQOLQH*HQHUDOO\ERXQGDU\FRQGLWLRQV
GHPDQGWKDWDWWKHVKRUWFLUFXLWWKHYROWDJHLV]HURDQGDWWKH
VRXUFH LW LV vdc.:KHQ WKLV ZDYH UHDFKHV WKH VRXUFH D QHZ
ZDYHRI+vdcLVUHIOHFWHGDQGLWVDVVRFLDWHGFXUUHQWLV+vdc/ZC
7KLV UHIOHFWHGZDYH IURP WKH VRXUFH DJDLQ UHDFKHV WKH VKRUW
FLUFXLWDQGWKHF\FOHFRQWLQXHV7KHWLPHWDNHQIRUWKHZDYHWR
WUDYHOIURPWKHIDXOWWRWKHVRXUFHLVUHIHUUHGWRDVWKHWUDQVLW
WLPHĲ7KLVLPSOLHVWKDWWKHHIIHFWRIWKHVKRUWFLUFXLWLVQRW
IHOWDWWKHVRXUFHXQWLODIWHUĲVHFRQGV
%DVHG RQ WKLV EDFN DQG IRUWK PRYHPHQW RI WKH ZDYH WKH
FXUUHQW DW ERWK WKH VRXUFH DQG VKRUW FLUFXLW LQFUHDVHV LQ
GLVFUHWHVWHSVRI2vdc/ZC  HYHU\ĲVHFRQGV7KLVLVLOOXVWUDWHG
LQ)LJXUH

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
)LJ,GHDO3URILOHRI)DXOWFXUUHQWGXULQJVKRUWFLUFXLW>@

7KHDYHUDJHUDWHRIULVHRIWKHFXUUHQWLVWKHUHIRUHJLYHQDV
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 cl f W  LCc  
ZC=Surge Impedance 
c=Velocity of the wave 
l f =distance to fault 
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f
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 
*HQHUDOO\ WKLV LV DQ LGHDO FDVH DV WKH HIIHFW RI WKH UHVLVWLYH
DQG GLHOHFWULF ORVVHV ZLOO SURYLGH GDPSLQJ DQG WKH FXUUHQW
ZLOO DWWDLQ VWHDG\ VWDWH%DVHGRQ(TXDWLRQV DQG WKH
GLVWDQFH WR IDXOW ZDV HVWLPDWHG DQG WKH UHVXOWV 7DEOH 
VKRZ FRQVLVWHQF\ LQ XVLQJ ERWK HTXDWLRQV LQ HVWLPDWLQJ WKH
GLVWDQFHWRWKHIDXOW

7DEOH&DOFXODWHGdi/dtIRUYDU\LQJ)DXOWGLVWDQFHV

 )XOO 6FDOH 6LPXODWLRQ 6WXGLHV %DVHG RQ
00&+9'&6\VWHP
$VLPLODUVWXG\ZDVFDUULHGRXWRQDIXOOVFDOH00&+9'&
V\VWHP )LJXUH  DQG WKH WUDQVPLVVLRQ OLQH ZDVPRGHOOHG
E\WKH IUHTXHQF\GHSHQGHQWGLVWULEXWHGOLQH0RGHOSURYLGHG
E\0DQLWRED+9'&5HVHDUFK&HQWUH7KHPRGHOSDUDPHWHUV
DUH JLYHQ LQ 7DEOH  DQG )LJXUH  UHVSHFWLYHO\ $OO
PHDVXUHPHQWV DUH WDNHQ DW WKH UHFWLILHU WHUPLQDO DQG DOO
GLUHFWLRQRI IDXOWVDUHZLWK UHVSHFW WR UHOD\R1 DQG IURP WKH
SRVLWLYHSROH$SRVLWLYHSROHWRJURXQGIDXOWZDVDVVXPHGLQ
WKLVVWXG\

MMC 1
RECTIFIER
MMC 2
INVERTER
                AC 1            AC 2
Transmission Line
R1 R2
Fi1
Fe
Fi2
A B 
)LJ)XOO6FDOH00&+9'&

6LPXODWLRQVZHUHFDUULHGRXWDQGWKHIDXOWDSSOLHGDW2sIURP
WKHVWDUWRIWKHVLPXODWLRQ7KUHHDUELWUDU\IDXOWSRVLWLRQVZHUH
FRQVLGHUHGFi1, Fi2 DQG Fe. :LWKUHVSHFWWRUHOD\R1Fi1, DQG 
Fi2 DUH IRUZDUG IDXOWV ZKLOVW Fe LV D UHYHUVH IDXOW  Fi1, Fi2   
FRUUHVSRQGV WR 5% NP DQG 95% (380km) RI WKH OLQH
OHQJWK 7KHVH ZHUH VHOHFWHG LQ RWKHU WR LQYHVWLJDWH WKH
EHKDYLRXU RI ERWK FORVHXS DQG UHPRWH IDXOW RQ WKH IDXOW
FXUUHQW SURILOH. $OO IDXOW GLVWDQFHV DUH ZLWK UHVSHFW WR WKH
UHFWLILHU WHUPLQDO ZKHUH UHOD\ R1 LV ORFDWHG *HQHUDOO\ WKH
UHOD\VKRXOGRSHUDWHIRUIRUZDUGGLUHFWLRQDOIDXOWVDQGUHVWUDLQ
IRUUHYHUVHGLUHFWLRQDOIDXOWV
7KH SORWV RI WKH IDXOW FXUUHQW IRU WKH WKUHH GLIIHUHQW IDXOW
VFHQDULRVDUHVKRZQLQ)LJXUH

Table   4.1.  The Model Parameters 
5DWHG09$RI&RQYHUWHU
319ROWDJHvdc
1RPLQDOYROWDJHDW*ULG6LGH
1RPLQDO9ROWDJHDW96&6LGH
/HDNDJH5HDFWDQFHRI7UDQVIRUPHU
$UP5HDFWRU
6XEPRGXOH&DSDFLWRU
+HLJKWRIDOOFRQGXFWRUV
6KXQW&RQGXFWDQFH
2XWHUUDGLXVRIFRQGXFWRU
5HODWLYH3HUPHDELOLW\U
/HQJWKRI7UDQVPLVVLRQ/LQH
1000MVA 
640kV 
230kV(L-L),
370kV(L-L),
0.15pu 
50mH 
2800F 
13.2m 
1×10-11mho/m 
3.8×10-2m 
 1 
400km 



)LJ&RQGXFWRU&RQILJXUDWLRQ
Fault 
Distance 
(km) 
Trend in  di/dt (kA/ms) 
Regression  
Analysis 
vdc / lf L 
  
  
  


Fi1, Fi2: Forward Directional Faults 
                          Fe: Reverse Directional Fault 
)LJXUH3ORWVRI)DXOW&XUUHQW
$V VKRZQ LQ )LJXUH  WKHLU LQLWLDO di/dt LV FRQVLVWHQWZLWK
WKRVH LQ WKH SORWV VKRZQ LQ )LJXUH  $OVR WKHUH DUH
RVFLOODWLRQV LQ WKH IDXOW FXUUHQW SURILOH ZKLFK DUH GXH WR WKH
HIIHFW RI WKH WUDQVPLVVLRQ OLQH SDUDPHWHUV ,Q SUDFWLFH WKHVH
HIIHFWV FDQ UHVXOW LQ HUURUV LQ H[WUDFWLQJ VDPSOHV IRU WKH
SXUSRVH RI FDOFXODWLQJ WKH DFWXDO di/dt. 7KLV LV EHFDXVH WKH
PHDVXUHPHQWWLPHZLQGRZPD\FRLQFLGHZLWKWKHWLPHZKHQ
WKHIDXOWFXUUHQWSURILOHDWWDLQV LWV ORFDOPD[LPXPPLQLPXP
RU ZKHQ LW DSSHDUV WR KDYH D ]HUR di/dt IRU D FRQVLGHUDEOH
OHQJWKRIWLPH$OVRGHSHQGLQJRQWKHPHDVXUHPHQWSHULRGRU
IDXOWGLVWDQFHWKHFDOFXODWHGdi/dtPD\YDU\EHWZHHQSRVLWLYH
DQG QHJDWLYH YDOXHV 7KLV LV LQGHSHQGHQW RI WKH DFWXDO
GLUHFWLRQRIWKHIDXOW
$100mH'&VPRRWKLQJ UHDFWRU ORFDWHGDW ERWKHQGVRI WKH
OLQH>@ZKLFKLVUHSUHVHQWDWLYHRID'&EUHDNHUORFDWHGRQ
WKH OLQH HQGV )LJXUH  FRXOG OLPLW WKH di/dt DV VKRZQ LQ
)LJXUH  ZKHUHDV WKH OLPLWDWLRQV H[SODLQHG DERYH VWLOO
SHUVLVW*HQHUDOO\ZLWKUHVSHFWWRUHOD\R1IDXOWVEHKLQGUHOD\
R2ZRXOGEHDWWHQXDWHGE\LQGXFWRUL2 )LJXUHZKHUHDV
WKH WLPH GXULQJ ZKLFK VDPSOHV DUH WDNHQ VWLOO SOD\ D PDMRU
UROHLQWKHGHFLVLRQPDGHE\WKHUHOD\
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INVERTER
                AC 1            AC 2
Transmission Line
R1 R2
Fi1
Fe
Fi2
A B
L1 L2

)LJ)XOO6FDOH00&+9'&ZLWKdi/dt/LPLWLQJ,QGXFWRU
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
  :LWK UHVSHFW WR UHOD\ R1, WKH FDOFXODWHG di/dt PXVW EH
QHJDWLYHIRUIDXOWFe7KLVZDVFDOFXODWHGWREHµzero’KHQFH
UHJDUGHGDVDµfalse¶WULS
Fi1, Fi2: Forward Directional Faults 
                     Fe: Reverse Directional Fault 
)LJXUH3ORWVRI)DXOW&XUUHQWZLWKdi/dt'&LQGXFWRUV

1RZDV WKHDFWXDOdi/dt FDQ HLWKHUEHSRVLWLYH IRUD IRUZDUG
GLUHFWLRQDO IDXOWV Fi1, DQG Fi2 DV VKRZQ RU QHJDWLYH IRU
UHYHUVH GLUHFWLRQDO IDXOWV Fe DV VKRZQ QXLVDQFH WULSV PD\
UHVXOW7KLVLVEHFDXVHDQ\PHDVXUHPHQWWDNHQGXULQJWKHWLPH
VRRQ DIWHU WKH ORFDOPD[LPXPPLQLPXP LQ WKH IDXOW FXUUHQW
SURILOH ZLOO LQGLFDWH D UHYHUVH RU IRUZDUG GLUHFWLRQDO IDXOWV
UHVSHFWLYHO\7KHFRQYHUVHLVWKHFDVHIRUPHDVXUHPHQWVWDNHQ
MXVW EHIRUH WKH ORFDOPD[LPXPPLQLPXP7KLV DFWXDOO\PD\
QRWEHWKHFDVH7KLVLVLOOXVWUDWHGLQ)LJXUH

7KH UHOD\ WULS WDEOH EDVHG RQ )LJXUH  LV DOVR VKRZQ LQ
7DEOH  $Q DUELWUDU\ ZLQGRZ OHQJWK KDV EHHQ FKRVHQ IRU
HDVHRIFODULW\

Fi1, Fi2: Forward Directional Faults 
                          Fe: Reverse Directional Fault 
)LJ)RUZDUGDQG5HYHUVH)DXOWV VKRZLQJ0HDVXUHPHQW
SHULRG

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Measurement  
Window 
Sign of di/dt                  Relay Decision                          Status  of  Trip 
Calculated Actual Calculated Actual Fi1 Fi2 Fe 
Fi1 Fi2 Fe Fi1 Fi2 Fe Fi1 Fi2 Fe Fi1 Fi2 Fe 
A 
 
      5 2 5 2 2 5 )DOVH 7UXH )DOVH
B 
 
      5 5 5 2 2 5 )DOVH )DOVH )DOVH
C 
 
      5 5 2 2 2 5 )DOVH )DOVH )DOVH
D       5 5 5 2 2 5 )DOVH )DOVH 7UXH

    Table 4.2   Relay Trip table based on Figure 4.6 
Actual di/dt is positive(+ve), negative (-ve) and zero for forward faults, reverse faults and normal operating condition respectively 
O: Operate; R: Restrain

&RQFOXVLRQV
7KLV SDSHU H[DPLQHG WKH di/dt SURWHFWLRQ WHFKQLTXH ZLWK D
YLHZ WR DVFHUWDLQLQJ LWV VXLWDELOLW\ IRU WKH SURWHFWLRQ RI '&
JULG6RPHRIWKHOLPLWDWLRQVRIdi/dtWHFKQLTXHZHUHIRXQGE\
XVLQJ WKH WUDYHOOLQJ ZDYH DQDO\VLV WR GHWHUPLQH WKH IDXOW
FXUUHQW SURILOH ZKLFK GHPRQVWUDWHG WKH RVFLOODWRU\ QDWXUH RI
WKHIDXOWFXUUHQW7KLVOHDGVWRHUURUVLQHVWLPDWLQJWKHDFWXDO
di/dtVLQFHWKHSURILOHPD\DWWDLQLWVORFDOPD[LPXPPLQLPXP
EHIRUH RU GXULQJ WKH WLPH ZLQGRZ VHW IRU WKH PHDVXUHPHQW
7KHLQLWLDOdi/dt, ZKLFKLVWKHVDPHLUUHVSHFWLYHRIWKHGLVWDQFH
WR WKH IDXOW LV GHSHQGHQW RQ WKH PDJQLWXGH RI WKH VXUJH
LPSHGDQFH

)XUWKHUPRUH GHSHQGLQJ RQ WKH GLUHFWLRQ RI WKH IDXOW ZLWK
UHVSHFWWRDORFDOUHOD\WKHDFWXDOdi/dtFRXOGEHSRVLWLYHIRU
D IRUZDUG GLUHFWLRQDO IDXOW RU QHJDWLYH IRU D UHYHUVH
GLUHFWLRQDO IDXOW +RZHYHU WKH FDOFXODWHG di/dt PD\ JLYH
HUURQHRXV UHVXOWV VLQFH DQ\ PHDVXUHPHQW WDNHQ GXULQJ WKH
WLPHVRRQDIWHU WKH ORFDOPD[LPXPRU ORFDOPLQLPXP LQ WKH
IDXOW FXUUHQW SURILOH ZLOO LQGLFDWH D UHYHUVH RU IRUZDUG
GLUHFWLRQDO IDXOWV UHVSHFWLYHO\ LUUHVSHFWLYHRI WKHDFWXDO IDXOW
GLUHFWLRQ7KLVKRZHYHUPD\QRWEHWKHWUXHFDVH$OVRDVWKH
UDWH RI ULVH LV XVXDOO\ REWDLQHG E\ VDPSOLQJ WKH FXUUHQW DW
kHzDQGWKHUHIRUHGXHWRWKHRVFLOODWLRQVLQWKHIDXOWFXUUHQW
SURILOH UHVXOWLQJ IURP WKH GLVWULEXWHG QDWXUH RI WKH OLQH
SDUDPHWHUV WKH DFWXDO LQLWLDO di/dt LV QRWPHDVXUHDEOH LQ WKH
WLPHDYDLODEOH

7KHDWWHQXDWLRQSURYLGHGE\WKHdi/dtOLPLWLQJLQGXFWRUZRXOG
LQJHQHUDOSURYLGHDJRRGGLVFULPLQDQWEHWZHHQ internalDQG
externalIDXOWV\HWWKHWLPHRQWKHIDXOWFXUUHQWSURILOHZKHQ
WKHVDPSOHVDUHWDNHQVWLOOSOD\VDPDMRUUROHLQWKHYDOLGLW\RI
WKHGHFLVLRQPDGHE\WKHUHOD\QRWLQJWKDWWKHIDXOWGLVWDQFH
PD\YDU\

)URP WKH IRUJRLQJ LW FDQ EH VHHQ WKDW WKH di/dt EDVHG
SURWHFWLRQWHFKQLTXHVXIIHUVVRPHGLVDGYDQWDJHVDQGDVVXFK
H[WUHPH FDUH VKRXOG EH WDNHQ ZKHQ GHSOR\LQJ LW IRU WKH
SURWHFWLRQRI'&OLQHVLQSDUWLFXODUIRUWKHSURWHFWLRQRI07
+9'& V\VWHP RWKHUZLVH QXLVDQFH WULSV PD\ UHVXOW
3URWHFWLRQ  SKLORVRSKLHV  EDVHG RQ WKH WUDGLWLRQDO GLVWDQFH
SURWHFWLRQSKLORVRSK\DSSOLFDEOHWR+9$&V\VWHPVDVZHOODV
WKRVH EDVHG RQ WUDYHOOLQJ ZDYHV DUH SRVVLEOH UHVHDUFK
GLUHFWLRQ LQ WKLV UHJDUG 7KHVH ZLOO EH H[SORUHG DQG WKH
ILQGLQJSUHVHQWHGLQWKHQHDUIXWXUH

,WLVKRSHIXOWKDW WKLVSDSHUZLOOFRQWULEXWHWRWKHGLVFXVVLRQV
LQYROYLQJ WKH GHYHORSPHQW RI VXLWDEOH SURWHFWLRQ DOJRULWKPV
IRUWKHSURSRVHG'&JULGV

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